Bis-iminophosphoranes containing various types of linkers between two R 3 P N moieties were electrochemically oxidized at controlled potential in situ in the electron spin resonance (ESR) cavity. For linkers constituted of phenylenes, conjugated phenylenes or merely a dicyanoethylenic bond, this oxidation led to well-resolved ESR spectra which were characterized by their g values and by their 1 H, 14 N and 31 P isotropic hyperfine constants. These coupling constants agree with those calculated by DFT for the corresponding cation radicals. Experimental and theoretical results clearly indicate that in these species the unpaired electron is mostly delocalized on the bridge and on the nitrogen atoms while the spin density on the phosphorus atoms is particularly small. Cyclic voltammetry and ESR spectra show that the nature of the bridge between the two iminophosphoranes considerably influences the oxidation potential of the compound as well as the stability of the radical cation. Information about the conformation of the precursor containing two Ph 3 P N moieties separated by a -C(CN) C(CN)-group was obtained from its crystal structure.
INTRODUCTION
Organic ion radicals play a crucial role in various domains of modern chemistry. 1 As reaction intermediates, their structure and reactivity often govern the mechanism of chemical transformations. This property is important not only to improve the yield of some organic syntheses 2 but also to understand the biological activity of many compounds (e.g. carcinogenic properties of benz [a] pyrene, 3 role of flavins for repairing damage in DNA 4 ). More recently, electrical and magnetic properties of ion radicals have led to new developments in materials science. This is the case, for example, of cation radicals of TTF systems, well-known for their performances as superconductors. 5 With the development of organic light emitting diodes (OLED), 6 considerable efforts have been made to devise new molecules and molecular edifices able to generate ion radicals in the charge transporting layers of these devices. While most of the cation radicals currently used as hole transporters are derived from triarylamines, 7 many investigations are carried out to produce new cation radicals, involving nitrogen or phosphorus atoms, and likely to be incorporated in more complex molecular systems. 8 -10 While early studies had shown that one-electron oxidation of simple iminophosphoranes is an irreversible process, 11 it was recently shown by cyclic voltammetry and optical studies that a system constituted by two R 3 P N groups separated by one or two phenylene rings undergoes a reversible one-electron oxidation between 0.04 and 0.4 V. 8, 9 We have recently reported electron spin resonance (ESR) spectra and density functional theory (DFT) calculations which are consistent with the formation of a cation radical widely delocalized on a N-Phen-N bridge. 12 In this context, an important question is, of course, to know if this type of cation radical can also be formed by using other linkers between the two iminophosphorane groups. The purpose of the present study is to assess the influence of this bridge in the formation, the stability and the spin delocalization of bis-iminophosphorane cation radicals. We have therefore studied the ESR response to one-electron oxidation of the bis-iminophosphoranes shown in Scheme 1. In a first class of compounds, the bridge is constituted by two adjacent phenylene rings (A1, A2) or by two phenylene rings separated either by an ethylenic bond (B) or by an sp by a carbon-carbon double bond; ESR is expected to show if an ethylenic bond is sufficient to stabilize the structure of a bis-iminophosphorane cation radical. As far as we know, compounds A2, B, C and E were not known prior to this work and this is the first report of the crystal structure of a bis-iminophosphorane with a C C bridge. In these investigations, most of the experimental information is provided by the hyperfine interaction; the measured coupling constants are interpreted in terms of spin delocalization by using DFT calculations. Correlations with the oxidation potentials are also presented.
RESULTS

Cyclic voltammetry
As shown in Table 1 , bis-iminophosphoranes A1, B, D and E undergo a first one-electron oxidation at a rather low potential (0.3 < E 1/2 < 0.4 V SCE). The oxidations of A2 and C occur at higher potential (E D 0.719 V for A2 and E D 0.94 V for C). For A1, A2, B and D, the peak potential separation (E much greater than 58 mV), and the peak current ratio (i pc /i pa different from 1 and dependent upon the scan rate), indicate that, at the surface of the electrode, the concentrations of the neutral species and of the corresponding radical cation are not maintained at the values required by the Nernst equation (quasi-reversibility). For E, the reverse peak is hardly detected; for C, the electrochemical process is irreversible. A second oxidation wave (quasi reversible) is observed for A1, C, D and E.
ESR spectra
Oxidations of solutions of A1, A2, B, D and E, in situ in the ESR cavity, at a voltage slightly higher than the potential of the first oxidation wave detected by cyclic voltammetry lead to ESR spectra exhibiting a rich hyperfine structure and centred around g D 2.006. Most of these radical species are 6 gives rise to the same ESR spectra as those obtained by electrolysis. The intensities in these spectra remain constant as long as the oxidized solution is kept under nitrogen atmosphere.
For each bis-iminophosphorane, the formation of the radical is accompanied by a change in the colour of the solution: For A1, B and D, the yellow solution turns to red; for A2, the yellow solution becomes green; for E, the brown solution turns to red. No ESR signal could be obtained by electrochemical or chemical oxidation of C.
Examples of ESR spectra obtained with B and D are shown in Fig. 1 . Simulations of the experimental spectra lead to the g values and isotropic hyperfine coupling constants reported in Table 2 .
The small variations in the g values correlate with the differences in the radical structures: g slightly increases when Table 2 . ESR parameters measured after oxidation of bis-iminophosphoranes and DFT-predicted coupling constants 
Crystal structure of D
Owing to rotation around the C1-N1 and C1 0 -N1 0 bonds, bis-iminophosphoranes can adopt several conformations. Recently, Lucht et al. have shown by X-ray diffraction that the structure of the compound with a single phenylene as a linker -the NN 0 , p-phenylene bis (triphenyl)iminophosphorane -possess an inversion centre. 9 We have assumed the same type of rotamers for A1, A2 and B (see Scheme 1) . For compound D, we could obtain suitable crystals for X-ray diffraction; the resulting structure clearly indicates that the two P N-C C dihedral angles are different ( 174.5 2 °a nd 38.9(3)°). The ORTEP representation of this structure, given in Fig. 2 , illustrates the type of rotamer that crystallized (hereafter D2).
DFT calculations
The structures of the bis-iminophosphoranes A1, A2, B and of the corresponding monocation radicals have been optimized by DFT; some of the resulting geometrical parameters are reported in Table 3 . (Structure optimizations together with calculation of properties have also been performed for other rotamers. The results are given as supplementary electronic material).
Although the non-symmetric structure D2 is observed in the solid state (see crystal structure), the symmetric conformation D1 (see Scheme 2) is likely to exist in solution. Analogous conformations E1 (symmetrical) and E2 (nonsymmetrical) were also taken into account for the methyl containing compound E. The structures of the two rotamers D1 and D2 as well as those of E1 and E2 were optimized by DFT. Some of their geometrical parameters are reported in Table 4 .
The 31 P, 14 N and 1 H isotropic coupling constants predicted by DFT are reported in Table 2 . The small negative values obtained for 31 P suggest that these couplings are due to spin polarization through the N-P bond. The singly occupied molecular orbitals (SOMOs) of B .C and D2 .C are shown in Fig. 3 .
As expected, in contrast with the symmetrical rotamers D1
.C and E1 .C , the two nitrogen nuclei and the two phosphorus nuclei of D2
.C and E2 .C are not magnetically equivalent. Nevertheless, the two 14 N and the two 31 P coupling constants calculated for each rotamer D2
.C and
E2
.C are only very slightly different. Moreover, the average values are close to the couplings calculated for D1
.C and E1
.C respectively. Although the 31 P couplings are slightly less than the experimental values ( 31 P-A iso [experimental] D 10 G), the agreement between calculated and experimental coupling constants for D and E is quite reasonable.
Additional rotamers exist for A1, A2, B (rotation around a C-N bond) and for D (rotation around the central C C bond). The corresponding structures have been optimized for the neutral and cationic species. The hyperfine constants calculated for these isomers are very similar to those given in Table 2 ; the resulting values are reported as supplementary electronic material.
Although no ESR spectrum could be observed by oxidation of C, the coupling constants of C .C have been calculated by DFT. They are not drastically different from the other constants calculated for the other cation radicals: 31 P: 6.7 and 6.2 G, 14 N: 3.1 and 3.0 G.
DISCUSSION
Consistent with the formation of a cation radical, the first oxidation wave of all bis-iminophosphoranes mentioned in Table 1 , except compound C, gives rise to a clear ESR response. The resulting hyperfine coupling constants being in good accordance with those calculated by DFT, they can readily be discussed in terms of electronic structures.
As shown in Tables 3 and 4 , removing an electron from bis-iminophosphoranes leads to an increase of the N-P bond lengths and to a decrease of the PN-C bond lengths. Additional changes are noteworthy: diminution of the interphenylene bond distances C6-C6 0 in A1 and A2 and elongation of the central double bond (C7-C7 0 in B, C1-C1 0 in D1,2 and E1,2). Moreover, as indicated by the various dihedral angles reported in Tables 3 and 4 , the bisiminophosphoranes become more planar when oxidized. Such changes clearly reflect the properties of the SOMOs (see, e.g. Fig. 3 ). For all cation radicals, the nitrogen 2p forms an antibonding combination with the 2p atomic orbital of the adjacent carbon. Clearly, the character of the SOMO leads to a wide delocalization of the unpaired electron : the spin density on each iminophosphorane nitrogen progressively decreases from 27 to 17% and 13% when passing from D .C (or E .C ), to A .C and to B .C ; for A .C and B .C the spin delocalization on each phenylene ring lies in the range 25-30% and that on the central double bond is between 18% (for B .C ) and 38% (for D .C or E .C ). It is well-known that the P-N bond of a neutral monoiminophosphorane is strongly P C -N polarized, this property is still observed for bis-iminophosphoranes. For example, in E1 the Mulliken charge analysis leads to a charge of C0.59 on each Me 3 P, 0.58 on each nitrogen atom, C0.50 on the C C bond and 0.26 on each CN group; the fact that in E1 .C this charge distribution changes into C0.90, 0.54, 0.58 and 0.15 shows that removing an electron drastically modifies only the charge of the R 3 P group. Spin density on the resulting phosphonium groups is practically negligible, and the P-N bond which has lost its double-bond character elongates to 0.06Å. Similar properties are observed for the other bis-iminophosphoranes of Table 2 .(Calculated charge distribution and spin densities are reported as supplementary electronic material). As exemplified by E1 .C , simple mesomeric structures, written by neglecting partial charges, correctly describe the spin delocalization (Scheme 3): It is worthwhile mentioning that the coupling constants for A1
.C and A2 .C are quite similar while departure from planarity is much more pronounced for the latter cation than for the former one. This difference in conformation, due to the presence of the Me groups in A2 (see the values of the C4C6C6 0 C5 0 angles for A1, A1 .C , A2 and A2 .C in Table 3 ) is however clearly reflected by the electrochemical behaviour of the two bis-iminophosphoranes: the first oxidation potential of A2 is equal to 0.719 V, 0.35 V above the oxidation potential of A1. Moreover, as shown by the ESR spectra, A1 .C is more stable than A2 .C . The nature of the bridge determines the formation and the stabilization of the cation radical; when delocalization between the two iminophosphorane groups is not possible the oxidation potential considerably increases and the lifetime of the cation radical becomes very short. An extreme case corresponds to C where a sp 3 carbon hinders conjugation between the two phenylene rings of the bridge. For this system, oxidation is irreversible and occurs 0.57 V above that of A1. Moreover, no ESR spectrum could be detected for the oxidation product of this bisiminophosphorane. 
CONCLUSION
In contrast to monoiminophosphoranes, bis-iminophosphoranes can undergo a one-electron oxidation to form persistent cation radicals. This property is, however, dependent upon the nature of the bridge between the two R 3 P N moieties. Planar systems facilitate this oxidation and stabilize the resultant radical. A simple ethylenic bond is sufficient to lead to a persistent small cation radical while conjugated phenylenes can be used to facilitate spin delocalization on long distances. In these paramagnetic species, the phosphorus atoms bear the positive charge and the spin densities on these atoms are almost negligible. The unpaired electron is delocalized on the two p nitrogen orbitals and on the system of the linker. These results confirm that incorporation of phosphorus atoms in conjugated systems can lead to new organic materials with interesting and unique properties.
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EXPERIMENTAL
Cyclic voltammetry and ESR
Cyclic voltammograms were recorded at room temperature with a BAS station, model CV-50W, using a SCE reference electrode and 1 mm diameter platinum wire as working electrode and counter electrode. The solvents (CH 2 Cl 2 or dimethyl formamide, DMF) were carefully dried and degassed, tetra-n-butyl ammonium hexafluorophosphate (0.1 M) was used as supporting electrolyte. The following scan rates (V s 1 ) were used: 1.0 for A2, 1.2 for C, 1.5 for A1 and D, 2.2 for B, 4.0 for E.
ESR spectra were recorded on Bruker 200 and Bruker 300 X-band spectrometers. Radical cations were generated in situ in the ESR cavity using a three-electrode quartz cell and a EGG PAR 362 potentiostat. This home-made electrolytic cell used Ag/AgCl as a pseudo electrode, and platinum wires as working electrode and counter electrode. All the solutions were degassed by several freeze-pumpthaw cycles. Measurements were performed under nitrogen atmosphere. CH 2 Cl 2 solutions, used for chemical oxidation with [Cp 2 Fe] PF 6 , were prepared in a glove box for B, D and E oxidation, and ESR measurements were performed at room temperature; for A1 and A2, oxidation was performed at 220 K and the spectra were recorded at 220 and 250 K respectively. 14 All calculations were performed with the XTAL system. 15 Full-matrix least-squares refinement based on F using weights of 1/ 2 Fo C 0. 
X-ray diffraction
DFT calculations
Optimizations of the structures of the bis-iminophosphoranes and of the corresponding radical cations were performed with the TURBOMOLE package 19, 20 using the B-P86 exchangecorrelation functional 21 and the SVP basis set. 22 A frequency analysis was carried out for each optimized structure (all frequencies real). Molecular properties were calculated with the Gaussian 03 set of programs 23 by running single point calculations at the optimized geometries. These calculations were carried out using the B3LYP functional 24 together with the standard 6-31G Ł basis set.
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